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THE  LINCOLN  SATELLITE  TECHNOLOGY  PROGRAM 
THROUGH  1  JANUARY  1S68 

AN  ANNOTATED  BIBLIOGRAHiY 


I.  INTRODUCTION  AND  HISTORICAL  BACKGROUND 

The  Space  Techniques  and  Equipment  Group  of  Lincoln  Laboratory  has  been  in  existence 
approximately  five  years.  During  this  period,  seven  satellites  were  launched;  Lincoln  Exper¬ 
imental  Satellites  LES-1,  -2,  -3,  -4,  and -5;  and  Lincoln  Calibration  Spheres  LCS-i  and -2. 

Two  more  satellites  are  under  c  -lotructioa  or  awaiting  launching  (LES-6  and  LCS-3),  and  an¬ 
other  satellite  is  in  the  active  piam.ing  stage  (LES-7).  Seven  space  experiments  were  constructed 

if 

and  launched. 

During  this  same  period,  nearly  dOO  papers  were  prepared  by  members  of  the  Group  for 
general  circulation,  as  wet!  as  a  larger  number  of  internal  papers  of  limited  distribution.  The 
purpose  of  this  report  is  not  only  to  pro-' ide  a  bibliography  of  these  papers,  but,  more  signifi¬ 
cantly,  to  present  a  coherent  program  guide  to  indicate  the  direction  of  this  work  and  the  pub¬ 
licly  available  accomplishments  to  date. 

Since  its  inception,  Lincoln  Laboratory  has  had  a  vigorous  program  in  communication  tech¬ 
niques  (antijamming,  optimum  signaling,  optimum  receivers,  coding,  and  decoding),  in  com¬ 
munication  phenomenology  (telephone  circuits,  tropospheric  and  ionospheric  propagation,  noise, 
orbital  scatter,  and  channel  characterization),  and  in  communication  systems  (DEW  line,  SAGE, 
Mercury,  and  Apollo).  Prior  experience  with  the  West  Ford  orbital  scatter  communications  and 
a  study  of  military  needs  indicated  that  the  Laboratory  should  address  its  efforts  to  satellite  com¬ 
munications.  The  DDRE  Office  agreed  with  this  appraisal  and  Division  6  (Communications)  was 
organized  in  1963  to  explore  satellite  communications  for  the  military. 

The  civil  communications  satellite  experience  was  limited  to  pioneering  t-  forts  of  Score, 
Telstar,  Relay,  and  Syncom.  These  satellites  were  spin-stabilized  with  low-gain  omnidirec¬ 
tional  antennas.  Antenna  pointing  aboard  satellites  existed  only  >n  paper.  Traveling-wave  tubes 
were  the  only  significant  RF  sources  available.  Civil  programs  were  just  getting  under  way 
with  the  organization  of  the  Communication  Satellite  Corporation. 

From  the  beginning,  the  Laboratory  felt  that  the  military  program  should  be  at  near- 
synchronous  attitudes,  but  boosters  were  limited.  The  Titan  111  Program  had  yet  to  launch  its 
first  vehicle. 


*  Plwme  probe  (EOGO-1,  Mariner-4,  Picneer-6,  EOGO-3,  and  Pioneer-7);  panma-roy  telotcopet  (OSO-C 
and  OSO-III). 
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The  decision  was  made  that  if  the  Laboratory  were  to  advance  the  state  of  the  art,  such  ad¬ 
vance*  must  be  made  credible  through  demonstration.  With  the  limited  available  resources, 
our  goals  had  to  be  carefully  chosen.  For  example,  to  avoid  complex  attitude  control  problems, 
emphasis  was  placed  on  a  spin- stabilized  arbitrarily  oriented  satellite  with  a  switched  antenna 
system. 

From  1963  to  1968,  communications  satellite  development  by  others  was  very  rapid.  The 
DoD  1DCSP  series  of  satellites  was  launched,  the  NASA  ATS  satellites  made  significant  ad¬ 
vances;  the  Comsat  Corporation  "Birds"  were  put  into  operation,  and  major  new  concepts  such 
as  the  Hughes  "Gyrostat"  were  put  forward. 

n.  RF  POWER  GENERATION 

The  Group  started  with  the  general  conviction  that  solid-state  power  sources  must  ul  mately 
dominate  satellite  RF  power  generation  because  of  iheir  fundamental  reliability.  !r.  1963,  solid- 
state  sources  suffered  with  respect  to  vacuum  tubes  in  available  power  output  and  efficiency. 
Furthermore,  little  was  known  about  radiation  effects  in  the  solid  state,  except  for  bulk  param¬ 
eter  changes. 

A.  Amplifiers 

1.  Single  Devices 

One  of  the  Group's  earliest  contributions  to  satellite  technology  was  the  efficient  conversion 
erf  solar  bus  power  to  RF  energy. 

This  was  based  on  a  new  contribution  to  the  old  technology  of  narrow-band  class-B  ampli¬ 
fier  design,  the  advance  requires  control  of  the  out-of-band  impedance  seen  by  the  amplifier, 
thus  permitting  shaping  of  the  waveform  at  the  collector  {TR-428,  MS-1685)  for  best  efficiency 
at  the  maximum  available  power  output.  When  this  is  combined  with  optimum  choice  of  over¬ 
drive,  carerul  measurement  and  matching  of  the  input  impedance  of  the  amplifier,  it  has  been 
demonstrated  (MS-1221,  MS-2055,  and  MS-2103)  that  one  can  achieve  about  70-percent  overall 
efficiency  (DC  input  to  RF  output  for  a  complete  chain  starting  with  a  1-mW  oscillator  output). 
The  agreement,  within  measurement  error,  between  circuit  performance  and  the  values  pre¬ 
dicted  from  device  parameters,  have  changed  RF  amplifier  design  from  an  art  *.o  straightfor¬ 
ward  computation. 

In  addition  to  efficiency,  these  power  amplifiers  exhibit  an  insensitivity  to  driver  output 
such  that  10-db  changes  in  driver  output  cause  1  db  or  less  final  power  output  changes.  Further¬ 
more.  since  the  method  is  based  on  shaping  of  collector  voltage  waveforms,  the  amplifiers  have 
demons  rated  a  remarkable  reliability  record  due  to  the  control  of  destructive  high-harmonic 
collector  waveform  spikes. 

The  technique  is  insensitive  to  frequency,  requiring  only  that  of  the  amplifier  aevice 
equal  or  exceed  about  3  times  the  operating  frequency. 

Finally,  with  only  modest  lo3S  In  efficiency,  the  DC  resistance  offered  by  the  amplifier  to 
a  power  source,  like  the  solar  panels,  can  be  controlled  to  optimally  match  the  expected  changes 
in  power  source  parameters  during  satellite  lifetime  (MS-2103).  This  can  give  ?s  much  as  3db 
more  effective  radiated  power  than  conventional  designs  at  the  start  of  satellite  *ue. 

These  techniques  have  been  demonstrated  in  the  250-MHz  range  for  modules  having  7-watts 
output  (MS-1221),  11-watts  output  (JA-2767A),  and  16-watts  output  (MS-2055)  conservatively 
rated  for  space  applications  (e.g.,  operated  at  one-third  of  breakdown  voltage  and  tested  for 
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space  radiation  resistance).  The  ear  her  models  have  demonstrated  lifetimes  c(  ?.  years  ir.  space 
without  significant  change.  These  techniques  apply  anywhere  that  efficiency  lx  significant,  a?  in 
man-pack  radios  as  well  as  satellites. 

2.  Multiple  Devices 

The  low-frequency  methods  for  employing  multiple  devices  (c.g..  paralleling,  push-pull) 
have  not  offered  space-acceptable  freedom  from  unwanted  oscillations  and  self-destruction 
through  such  mechanisms  as  "current  hogging*  !i.e.,  unequal  current  distribution  ameng  devices!. 
To  overcome  tills  barrier,  it  has  been  demonstrated  that  multiple  modules  employing  single  de¬ 
vices  can  be  combined  with  hybrids  or  hybrid-like  techniques.  This  is  possible  only  with  con¬ 
struction  techniques  that  control  amplitude  and  phase  differences  between  modules,  over  a  range 
of  operating  temperatures  and  supply  voltage  variation?.  These  developments  have  resulted  In 
the  combination  of  4  modules  for  46-watts  output  (TR-428)  and  8  modules  for  120- watts  output 
(MS-2055,  MS-2103). 

B.  Nonlinear  Device* 

1.  Single  Nonlinear  Devices 

Beginning  with  the  work  of  Penfield  and  Rafuse,  analytical  techniques  have  been  devised  for 
computing  the  performance  of  abrupt-junction  and  other  varactor  multipliers  (J.A-223),  JA-2351, 
JA-2355,  JA-2673).  Equivalent  circuits  and  measurement  methods  have  been  given  for  varactor 
parameters  (JA-2313,  JA-277S),  including  bias  voltage  effects  on  equivalent  series  resistance 
and  their  packages  at  frequencies  up  io  X-band  (JA-3153)  giving  mutches  to  capacitance  varia¬ 
tion  with  bias  voltage  of  better  than  4  percent. 

The  introduction  of  the  abrupt- junction  varactor  raised  questions  about  performance,  in¬ 
cluding  bandwidth  relative  to  the  more  gently  graded  doping  distributions  (JA-2Z33,  JA-2355, 
JA-2673,  JA-26S8,  JA-253t).  in  addition,  it  raised  questions  concerning  more  radical  doping 
distributions,  such  as  the  negative  gamma  or  hyper  abrupt  junction  device  whose  performance 
has  beer,  computed  (JA-2971),  although  it  now  appears  that  it  cannot  be  .realised  in  practice.  The 
effects  of  overdrive  on  multiplier  performance  have  been  computed  (JA-2688)  and  their  apparent 
efficiency  explained. 

Efficiency  bounds  (JA-2737B)  and  power-frequency  limitations  (JA-288  5)  on  nonlinear  multi¬ 
pliers  at  all  orders  have  been  established. 

The  bandwidth  of  doublers  has  been  analyzed  (JA-2355)  as  well  as  comments  on  u-iicr.ti adu¬ 
lation  distortion  In  varactors  (JA-27M)  and  in  p-i-r.  switches  ;JA-30SiJ.  Varactor  multiplying 
chains  and  nonlinear  resistors  have  special  problems  in  the  enhancement  of  low-level  spurious 
signals;  these  have  beer,  analyzed  (MS-1781  i. 

it  has  also  been  demonstrated  that  the  varactor  can  be  used  as  s  binary  phase  modulator  up 
to  X-oand  (MS-1370)  at  1-watt  CW  power  input  with  45-db  carrier  suppression  and  2.0db  of  in¬ 
sertion  ices. 

Varactors  have  also  been  used  for  high-efficiency  (SO- percent)  up-conversion  from  915  to 
7750  MHz  (JA-2498)  and  for  a  breadbanded  60-  to  up-c«tversioa  (MS- 1 21 7 A).  »n  addi¬ 

tion  to  demonstration,  the  performance  of  such  up-ccnv.trtsrs  has  been  computed  for  overdriven 
abrupt-junction  varactorc  (JA-2693,  MS- 1718). 

In  the  design  of  high-pcwer  nonlinear  devices,  one  or  thv  limiting  parameters  has  bien  the 
ability  to  conduct  away  dissipated  heel.  Present  package  design  was  standardized  in  World  War  U 
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for  low-level  detector  applications.  A  new  package  design  has  been  proposed  that  has  the  theoret¬ 
ical  possibility  of  0.5”C  temperature  rise  per  watt  dissipated  (MS-2115). 

2.  Multiple  Devices  and  Bulk  Power  Generation 

With  the  limitations  of  single  devices  it  was  clear  quite  early  that  means  were  essential  for 
generating  power  in  the  bulk  material  or  in  multiple  devices.  The  first  effort  in  this  direction 
pre-dating  Gunn  effect,  LSA,  and  IMPATT  modes  was  a  microwave  equivalent  of  the  traveling- 
wave  amplifier  (MS-1786).  Investigation  showed  that  this  was  a  surface  wave  rather  than  a  bulk 
wave  phenomenon,  so  the  technology  was  not  pursued  further. 

An  extension  of  this  concept  involved  the  discrete  equivalent  of  two  coupled  transmission 
lines  propagating  coupled  waves  at  different  frequencies  (JA-2959,  MS-1888).  This  proposal 
has  the  advantage  of  distributing  the  heat  sources  over  larger  areas.  It  can  be  conceptually  sim¬ 
plified  by  considering  the  separate  diodes  as  being  paralleled  through  X/2  lines  (MS-1981),  al¬ 
though  there  are  some  advantages  in  using  lengths  other  than  X/2  (JA- 1041  A).  The  disadvantage 
of  this  proposal  is  that  parasitic  oscillations  can  bj  set  up  unless  active  steps  are  taken  to  sup¬ 
press  such  oscillations  (JA-2959,  MS-2002,  JA-3027,  MS-21051.  Arrays  have  now  been  built 
with  four  devices  capable  of  accepting  60  watts  at  1  GHz  and  doubling  with  efficiencies  of  about 
60  to  70  percent  (MS-2043)  as  well  as  triplers. 

m.  ANTENNA  POINTING  AND  ORBITAL  DYNAMICS 

The  first  satellite  despun  antenna  system  ever  launched  was  used  in  LES-1  and  -2  (JA-2908A, 
GR-1 964-55).  It  led  directly  to  an  automatic  on-board  orbit  determination  and  stationkeeping 
system  in  a  rather  interesting  way.  The  program  had  the  guiding  principle  that  a  minimum  of 
ground  command  should  be  used  to  avoid  relying  on  a  weak  link  that  could  be  jammed  or  spoofed 
by  the  enemy. 

On  a  spinning  satellite,  the  simplest  form  of  antenna  pointing  requires  that  the  sate  lite  ro¬ 
tation  rate  be  established  and  that  the  antenna  be  despun  at  that  rate,  in  such  a  phase  as  to  point 
toward  the  earth.  The  satellite  rotation  rate  can  be  established  from  sensors  that  operate  on 
visible  light  from  the  sun  to  cieate  128  or  256  pseudo  pickets  around  the  satellite  (MS-2109)  to 
clock  the  phase  of  satellite  rotation.  The  longitudinal  location  of  the  earth  on  the  satellite  is  es¬ 
tablished  also  by  visible  earth  sensors.  A  number  of  variants  were  employed  in  LES-1,  -2,  and 
-4  for  establishing  the  proper  position  of  the  antenna.  The  techniques  for  electronic  antenna 
switching  at  X-band  are  given  in  detail  in  the  publications  of  Group  61  and  are  described  gener¬ 
ally  in  JA-2908A  and  GR-1 964-55. 

A  more  subtle  method  of  earth-directed  antenna  pointing  involves  the  measurement  of  orbital 
period  (by  the  t.me  taken  to  pass  between  two  points  of  known  sun-earth  angular  position  in  orbit). 
From  these  measurements,  instructions  can  be  given  to  switch  the  antenna  with  appropriate  an¬ 
gular  increments  from  one  of  the  sun-earth  angle  positions.  This  technique  was  used  in  LES-4, 
and  the  results  Indicated  operation  of  the  system  consistent  with  the  highly  elliptic  orbit  into 
which  LES-4  was  placed  by  Transtage  failure  (JA-2908A). 

While  making  an  error  analysis  of  the  LES-4  orbital  period  determination  system,  we  dis¬ 
covered  that  the  system  was  sensitive  to  noncircularity  of  the  orbit.  This  suggested  that  the 
period  could  be  corrected  to  terms  of  the  second  order  in  eccentricity  by  making  time  measure¬ 
ments  at  points  separated  by  180‘  in  orbit  (MS-1930A,  MS-2102,  MS-  .  23).  This,  in  turn, 
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suggested  that  orbital  parameters  could  be  determined  rather  simply  aboard  the  satellite  by  use 
of  time  measurement  alone  taken  between  points  in  orbit  that  had  kn'own  sun-earth  angle 
relationships.  i 

An  existence  theorem  for  the  number  of  observations  needed  to  establish  an  orbit  from  sat¬ 
ellite  observations  and  linearized  control  equations  was  determined  (MS-1970).  In  particular, 
by  returning  to  ancient  navigation  techniques  of  clock  and  sextant,  a  conceptually  simple  station¬ 
keeping  system  was  devised  requiring  that  a  known  sun-earth  angular  relationship  be  maintained 
(e.g.,  high  noon)  at  a  time  determined  on  board  the  satellite  by  a  comparison  clock. 

The  techniques  for  instructing  the  satellite  to  move  to  a  new  station,  to  circularize  its  orbit, 
and  the  cor‘  ol  law  for  these  followed  (MS-1930A,  MS-2102).  General  rules  for  controllability 
of  satellite  ’bits  were  also  elucidated  (MS-1970).  The  satellite  can  only  observe  solar  time, 
and  corrections  must  be  made  for  the  eccentricity  of  the  earth's  orbit  about  the  sun  (MS-1930A, 
MS- 21 02).  This  correction  is  complicated  by  attitude  errors  (TN-1 966-21 ). 

Finally,  a  momentum  source  must  be  employed  to  provide  the  impulse  for  stationkeeping. 

One  interesting  possibility  is  solar  radiation  pressure  (JA-3113). 

Use  of  visible  earth  and  sun  sensors  has  been  particularly  helpful  since  their  signal-to-noise 
ratio  is  high,  components  are  readily  available,  and  testing  is  easy  relative  to  infrared  sensors 
(MS-2109).  They  have  the  disadvantage  of  requiring  discrimination  between  sun,  moon,  and 
earth  that  proves  to  be  relatively  simple  using  angular  or  amplitude  constraints.  Earth-center 
detection  is  relatively  complicated  since  the  visible  portion  may  be  crescent  shaped,  rather  than 
circular,  making  for  some  logical  additions  to  establish  the  location  of  earth  center  from  a  spin¬ 
ning  satellite. 

IV.  ATTITUDE  CONTROL 

Early  in  the  LES  program,  we  decided  to  develop  a.i  “xperimental  magnetic  attitude  control 
system.  The  first  rudimentary  version  was  exercised  on  LES-1  and  -2  (JA-2908A,  GR-1 964-55). 
This  system  was  extended  to  act  as  a  commutated  magnetic  motor  in  order  to  maintain  the  sat¬ 
ellite  spin  axis  normal  to  the  orbit  plane  (TN-1 965-48,  MS-2098).  The  system  (MS-1555)  used 
less  than  500 m\V  arid  weighed  less  than  700  grams  (TN-i 965-45)  when  used  on  LES-4  (MS-1562). 
It  was  designed  to  operate  near  synchronous  attitude  where  the  earth's  field  is  low. 

The  sensors  that  recognise  the  apparent  latitude  of  the  earth  as  seen  from  the  satellite  were 
devised  using  simple  photodetect.*rs  (MS-2109).  Visible  light  is  also  used  to  establish  the  sun- 
earth  angular  relationships  that  com*  A  the  commutation  phase  of  the  magnetic  motor. 

V.  RADIATION  CAUSES  AND  EFFECTS 

Following  the  main  direction  of  the  Group  toward  tr.e  cxt’;nc-»vc  use  of  solid-state  devices 
for  satellites,  it  seemed  appropriate  to  investigate  the  effe-.ta  of  high-energy  electron  damage, 
a  major  mechanism  for  limiting  the  life  of  solid-state  devices.  In  1964,  the  data  necessary  for 
calculating  such  damage  to  synchronous  satellites  were  very  sparse.  Available  scientific  data 
were  directly  concerned  with  electron  flux  well  within  the  magnetopause  (e.g.,  Van  Allen  belts) 
or  with  the  solar  "wind"  in  interplanetary  space  (TN-1 966-26).  The  little  data  available  at  syn¬ 
chronous  attitudes  were  samples  taken  by  lunar  or  Interplanetary  probes  on  their  way  out.  We 
proposed  an  experiment  to  measure  the  number  of  electrons  arriving  per  second  above  four  en¬ 
ergy  thresholds  located  at  150 keV,  850keV,  2.75  MeV,  and  4.0MeV  (TN-1965-5,  MS-1716).  The 


experiment  was  to  have  a  narrow  acceptance  angle  of  0.01  steradian  to  establish  the  direction  of 
electron  arrival  in  a  coordinate  system  rotating  with  the  satellite.  The  experiment  was  launched 
on  LES-4  into  a  highly  elliptical  orbit  (far  from  that  planned)  and  data  were  obtained  from  100  to 
18,000  nm  (MS-1716).  The  experimenters  were  able  to  correlate  their  results  closely  with  other 
lower  altitude  measurements  and  to  extend  these  results  to  near-synchronous  altitudes.  Unfor¬ 
tunately,  the  low  perigee  caused  air  drag  to  change  spin-axis  orientation  violently,  making  inter¬ 
pretation  of  angle-of-arrival  data  nearly  Impossible.  Scientifically,  the  data  were  also  produc¬ 
tive  in  showing  delayed  correlations  with  earth  magnetic  activity  indices  at  different  altitudes. 

Even  before  a  measure  of  the  electron  environment  was  on  hand,  a  simulation  facility  was 
designed  for  research  and  test,  first  using  commercial  facilities  and  later  using  a  Lincoln- 
designed  facility.  This  facility  had  interchangeable  electron-proton  sources  with  energies  up  to 
4MeV  at  high  fluxes.  The  unique  features  include  ?  magnetic  tensing  facility  to  spread  the  elec¬ 
tron  beam  over  an  area  5  feet  in  diameter  with  full  thermal,  solar,  and  vacuum  environment 
(JA-3003,  TN-1966-12).  This  facility  permits  testing  of  complete  satellites,  well  as  testing 
of  instruments  and  components.  Among  Us  novel  features  is  a  spectrum-spreading  capability 
that  permits  the  electron  flux-energv  distribution  to  «  »  matched  with  the  measured  orbital 
environment. 

The  Lincoln-designed  facility  has  been  used  to  obtain  the  energy  distribution  internal  to  a 
cylindrical  satellite  in  generalized  parameters  (&15>-i923)  suitable  for  getieral-msroose  design. 

In  addition  to  the  damage  to  materials  used  in  satellite  construction  (e.g.,  plashes,  lenses), 

the  machine  has  been  used  principally  to  mcacure  surface  effects  in  transistors  ?«d  diodes  (see 

,  ■> 

the  specialized  bibliography  included  In  this  report)  up  to  10  electrons/ cm".  Governmental 
contractors  have  access  to  electron  damage  evaluations  of  specific  components  measured  in  this 
facility,  as  well  as  for  use  ta  instrument  calibration.  Research  in  this  facility  has  focused  on 
modeling  the  radiation  effects  in  MOS  and  MNS  interfaces.  Special  attention  has  been  given  to 
leakage  and  voltage  shifts  that  are  particularly  destructive  to  logic  systems  anC  micropower 
circuits. 

VI.  POWER  SYSTEMS 

The  use  of  solar  power  systemG  in  satellites  is  so  widespread,  one  m.ght  consider  that  very 
little  could  be  contributed  in  design  technique  to  this  field,  however,  s.  number  of  problems  have 
been  solved  that  are  of  general  inter  eoi. 

The  problem  of  solar-cell  shadowing  affects  many  satellite  power  systems.  In  addition  to 
gross  shadows,  a  frequent  concern  is  the  shadowing  by  wires  of  thin  antennas,  like  dipoles. 
Equivalent  circuits  have  been  formulated  and  experimentally  verified  for  silicon  cells  (JA-2814) 
so  that  system  design,  including  shadow  eifects,  can  be  done. 

The  overall  system  design  is  frequently  faced  with  priority  considerations,  In  a  degrading 
power  situation,  one  would  like  to  be  sure  that  power  is  made  available  in  ascending  priority 
order  such  that,  say,  a  telemetry  system  is  the  first  on  and  last  off.  The  technique  for  achiev¬ 
ing  a  priority  turn-on,  without  electronic  logic  and  other  power  system  design  considerations, 
has  been  described  (MS-1S28);  the  technique  was  employed  on  all  LES  launches.  A  silicon  solar 
cell  degrades  with  time  due  to  radiation  damage,  and  its  output  varies  with  temperature  and 
solar  flux.  Some  systems,  particularly  the  radiating  part  of  a  eomrnunicetion  satellite,  car. 
effectively  use  all  of  the  available  power  at  ail  times.  This  Is  possible  by  (1)  operaUng  the  RF 
power  amplifiers  directly  off  the  solar  hu*  -  eliminating  the  weight  and  inefficiency  of  a  special 


eouverter ,  and  (2)  matching  ine  DC  resistance  o i  the  power  j.mplUier  to  the  time-varying  source 
impedance  of  the  solar  array,  A  system  has  been  designed  to  do  both,  and  appear»  to  allow  a 
J-db  increase  in  effective  radiated  power  at  the  start  of  life  without  sign  meant  penalty  at  the 
end  of  fife  (MS-2103), 

Finally,  the  solar  power  plent  i»  dependent  or.  the  behavior  of  the  silicon  cell  in  orbit.  Mesa 
urvw«jt»  have  been  «;j*.de  in  I.ES-4  and  -a  on  a  variety  of  cells  ami  cover  slips  (MS-2108). 

VB.  SATELLITE  SYSTEMS 

The  design  of  a  satellite  is  h  highly  mterr^taied  affair.,  not  all  of  which  is  readily  reducible 
to  writing.  Some  of  the  parameters  and  experiences  are  recorded  for  LES-1,  -2,  -.3,  and  -4 
'CjR-1964-55,  JA-2908A,  M.S-1725);  LES-3  has  iso  been  described  (JA- 2767 A). 

V3S.  MISCELLANEOUS 

A  number  of  miscellaneous  topics  of  significant  utility  have  arisen  In  satellite  design  that 
have  warranted  recording. 

Extensive  use  of  digital  logic  has  been  made  possible  only  through  the  use  of  micropower 
Circuits.  Typically,  a  flip-flop  might  consume  60  to  1C0|*W  through  use  of  complementary  logic 
and  high  i.npode.nces  (MS-1  i  51 .  JA-2906,  GR-i  965-6).  When  the  number  of  discrete  components 
in  a  satellite  are  numbered  in  the  tens  of  thousands,  some  thoughts  are  necessa  ily  given  to  re¬ 
liability  Improvement  through  reuundv  n  y.  Several  techniques  have  been  evolved,  r sc  propose  . 
the  equivalent  of  the  binary  erasure  communications  channel  coding  through  the  use  jf  para*-  eiroi 
elements  (TN-1965-3.  JA-2808).  This  proposal  has  not  yet  been  actively  pursued,  »-•  _e  it  re¬ 
quires  the  development  of  a  new  logic  component  line.  The  second  technique  prases  s  tripli¬ 
cated  pulse-powered  logical  element  with  a  majority  voting  element  conoLung  of  3  capacitors 
(JA-2961).  The  unit  allows  stage-by-siage  voting  and  could  use  as  little  as  iOOpW  per  logical 
element  in  the  low-speed  logic  usually  employee. 

The  extensive  use  of  logic  has  required  packaging  development  in  which  the  logic  mounting 
and  connecters  are  integrated  into  a  single  unit  with  integral  radiation  shielding  and  external 
test  provisions  (JA-2839).  Among  the  useful  circuits  that  have  been  discovered,  the  " diamond" 
circuit  (TN-i  966-39)  has  proved  valuable  for  storage,  for  operational  amplifiers,  and  for  a  va¬ 
riety  of  other  situations  for  which  design  parameters  are  given. 

IX.  BIBLIOGRAPHY  OF  GROUP  63  EXTERNAL  PUBLICATIONS 

The  following  list  is  a  bibliography  of  Group  63  publications  for  the  period  i  January  1964 
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X,  ABSTRACTS  OF  MEETING  SPEECHES 

MS- 1221  D.M.  Snider 

Design  of  a  High  Efficiency  21-3  mcs 

Power  Source 

A  need  has  been  demonstrated  for  a  high  efficiency  dc  to  rf  power  converter  Such  a  con¬ 
verter  has  been  developed  which  delivers  seven  watts  at  213  mcs  with  a  dc  to  rf  conversion 
efficiency  of  72  percent.  The  high  degree  of  performance  was  achieved  by  the  mode  of 
transistor  operation,  bias  arrangement,  device  characterization  and  component  and  cir¬ 
cuit  construction-  The  converter  has  a  1  db  variation  in  output  power  from  +50°C  to  -30CC 

^  and  a  3db  signal  bandwidth  of  8  percent . 

MS- 1370  D.D.  Tang 

X-Band  0°  -  180°  Binary  Phase  Modulator 

Using  Step  Recovery  Diode 

The  plco-second  abrupt  transition  property  of  step  recovery  diode  was  utilized  in  the  de¬ 
sign  of  a  0°  -  180°  binary  phase  modulator  operating  at  10  Gc  with  i-wart  cw  Input  power. 
The  modulating  frequency  can  be  varied  from  0  to  a  few  hundred  megacycles  with  no  per¬ 
formance  degradation  or  the  need  for  retunlng.  The  insertion  loss  Is  about  2.04).  and 
is  independe-.it  of  modulating  frequency  or  power  levels.  The  modulating  frequency  can  be 
either  a  square  wave  or  a  sinusoid.  The  carrier  suppression  is  In  the  neighborhood  of 
40 db  for  both  cases.  This  modulator  has  the  advantage  that  It  enables  one  to  use  UHF  si¬ 
nusoidal  modulating  frequency. 

MS-1381  W.L.  BUck 

Some  Simple  Reliability-Improving 

Redundancy  Techniques 

For  certain  satellite  applications  it  is  impractical  to  increase  the  reliability  of  lcgic  sys¬ 
tems  by  large  increases  in  equipment  complexity.  None-the-less  there  are  some  simple 
measures  that  may  be  taken  to  improve  reliability.  Under  tliese  conditions,  otic  is  inter¬ 
ested  not  in  techniques  that  permit  arbitrarily  good  performance  at  correspondingly  high 
equipment  costs,  but  rather  in  techniques  that  afford  some  improvement  at  tolerable  equip¬ 
ment  cost.  In  this  paper  I  shall  discuss  several  such  schemes  and  compare  them  to  the 
canonical  majority-vote  approach.  Exact  expressions  for  the  failure  probabilities  will  be 
derived. 

Since  with  so  little  redundancy  It  is  impossible  to  greatly  improve  basically  poor  systems. 
It  U  of  value  to  consider  the  behavior  of  these  probability  expressions  for  systems  with 
low  Initial  failure  probabilities.  I  shall  show  that  under  these  conditions  the  failure  prob¬ 
ability  of  the  redundant  system  has  a  simple  dependence  on  the  failure  probabilities  of  the 
component  subsystems  -  one  that  may  be  easily  written  down  by  Inspection.  In  low  redun¬ 
dancy  systems ,  the  question  Inevitably  arises  as  to  whether  the  improvement  attainable 
by  redundancy  Is  worth  the  Increase  in  cost,  weight,  etc.  Hence  1  shall  also  discuss  the 
decision  problem  Involved  in  the  system  design. 
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MS-1562 


W.  L.  Black 
B.  Howland 
L.J.  Travis 
E.A.  Vrablik 


A  Magnetic  Satellite  Spin  Axis 
Orientation  System  (or  Use  at 
Near  Synchronous  Altitudes 


This  paper  describes  an  orientation  system  built  and  flown  on  Lincoln  Laboratory's  com¬ 
munication  satellite  LES-4.  The  system  is  designed  cc  erect  the  satellite  spin  axlt  to 
within  2  or  3®  of  perpendicularity  to  the  orbital  plane  of  a  circular,  near  synchronous 
orbit.  It  does  this  by  taking  optical  fixes  of  the  Earth  at  two  places  in  orbit  where  the 
Earth  is  favorably  illuminated,  and  generating  an  inertialiy  fixed  magnetic  moment  which 
interacts  with  the  geomagnetic  field  to  create  the  torque  necessary  to  remove  the  com¬ 
ponents  of  angular  momentum  in  the  orbital  plane.  Tisa  system  uses  electromagnets  wi-h 
Supermcndur  cores  to  provide  a  total  of  37  amp-ineu-r^  of  magnetic  moment  while  con¬ 
suming  only  500  milliwatts  of  D.C.  power.  The  system  is  self-contained  and  requires 
no  giound  command  for  operation.  LES-4  was  launched  on  21  December  1965  but  failed 
to  reach  the  circular,  near  synchronous  orbit  necessary  for  operational  system  evaluation. 


MS-1716  J.L.  Ryan 

V.J.  Sferrlno 

LES-4  Observations  of  Inner 
and  Outer  Zone  Electrons  Since 
21  December  1965 

A  Silicon  Surface  Barrier  Detector  Electron  Telescope  measuring  Integral  and  Differen¬ 
tial  Electron  Energy  Spectra  over  the  range  of  130  KEV  to  4.SMEV  was  placed  into  orbit 
on  21  December  1965  on  the  LES-4  satellite  (t965-103B).  The  initial  orbit  had  an  incli¬ 
nation  of  26.6°,  apegee  of  33,600  KM,  perigee  of  200  KM.  end  a  mean  orbital  period  of 
589.6  minutes. 

The  data  from  the  experiment  is  presented  in  terms  of  single  orbit  peases  on  selected 
days  showing  outer  zone  maxima  in  omnidirectional  flux  intensity  for  130  iCEV.  700  KEV, 
and  2.5  MEV,  Integral  Spectra  in  the  region  near  L=4.  end  a  minimum  near  L=3.5  which 
characterizes  the  slot  between  the  inner  and  cuter  zones.  Diurnal  variations  are  char¬ 
acterized  by  flux  changes  which  show  marked  correlation  with  Kp  index  at  L=6.  The  de¬ 
gree  of  correlation  decreases  with  decreasing  L  value.  Spectral  steepening  is  seen  to 
occur  during  periods  of  increased  geomagnetic  activity.  "Hie  diurnal  flux  changes  3lso 
exhibit  energy  vs.  time  dependencies  with  the  higher  energy  electron  fluxes  generally 
reaching  their  maximum  later  in  time. 


MS-1761  A. I.  Grayzel® 

Enhancement  of  Spurious  Signals 
in  Frequency  Multipliers 


Frequency  multiplier*  And  many  applications  in  both  frequency  synthesizers  and  in  stable 
frequency  sources.  The  multiplication  process  unfortunately  enhances  spurious  signals 
that  may  be  present.  If  one  performs  many  multiplications  or  a  single  high  order  multi¬ 
plication.  Urge  spurious  signals  may  appear  In  the  output. 


In  thL  paper  the  spurii  enhancement,  i-e.,  the  increase  in  the  ratio  of  spurious  ro  desired 
signal  power  after  multiplication,  is  calculated.  First  the  varactor  multiplier  of  order  n 
is  investigated.  It  is  shown  that  a  low  level  spurious  signal  (single  sideband)  will  be  en¬ 
hanced  by  a  factor  of  c .  If  the  spurious  signal  has  two  symmetrical  sidebands  about  the 
desired  signal  then  for  the  FM  case  the  spurious  is  enhanced  by  n^  while  for  the  AM  case 
it  is  enhanced  by  n2/2n-l.  This  result  is  shown  to  be  the  same  whether  a  single  high  order 
multiplication  or  a  cascade  of  many  low  order  multiplication  stages  is  used.  These  results 
are  shown  to  be  consistent  with  the  Manley  Rowe  relationship*.  The  resistive  multiplier 
is  also  treated  and  it  is  shown  that  the  enhancement  in  a  resistive  mixer  is  similar  to  that 
for  the  varactor  multiplier. 


*  Presently  of  NASA  Electronics  fiataorch  Can  Hr,  Cambridge,  Ma**ocbui«m. 
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MS-1786 


D.  Parker 


Field  Theory  of  a  Solid  State 
Traveling  Wave  Amplifier 

Using  a  linearized  field  theory  four  conditions  are  derived  for  a  growing  surface  wave  to 
exist  In  a  semiconductor  surrounded  by  a  helical  slow  wave  structure.  The  carrier  drift 
velocity  must  be  comparable  to  the  velocity  of  light  In  the  surrounding  dielectric  whose 
permittivity  must  exceed  the  permittivity  of  the  semiconductor.  A  cut-off  frequency  is 
defined  below  which  the  wave  is  evanescent.  For  effective  gain,  a  constraint  is  placed 
on  the  thickness  of  the  dielectric  separating  the  semiconductor  and  the  slow  wave  structure. 

MS-1828  A.  Braga-Illa 

Solar  Energy  Conversion 
Techniques  for  Communications 
Satellites 

The  solar  cell,  a  device  capable  of  converting  solar  energy  into  electrical  energy,  is  the 
source  of  power  most  frequently  used  in  scientific  and  communications  satellites .  Since 
its  discovery,  the  solar  cell  has  become  a  very  well  known  and  reliable  component  of 
many  satellite  systems.  In  this  note  the  fundamentals  of  solar  power  systems  are  re¬ 
viewed  from  several  points  of  view:  first,  the  physical  principles  on  which  solar  energy 
converters  operate  will  be  discussed  briefly;  then  the  behavior  of  the  solar  cell  when  used 
in  space  will  be  summarized,  to  illustrate  the  major  considerations  to  be  made  in  design¬ 
ing  a  satellite  power  system;  finally,  this  note  will  examine  rapidly  some  typical  power 
systems  and  some  of  the  problems  encountered  in  using  the  energy  available  from  the 
source  with  maximum  efficiency. 

Many  of  the  topics  touched  upon  here  are  exte-.sively  treated  in  the  literature,  from  which 
a  selected  list  ot  references  lias  been  extracted.  Some  of  the  material  presented,  espe¬ 
cially  that  relevant  to  the  overall  system  design  and  to  the  stability  problem  of  dc-dc  power 
converters  is  derived  from  the  author's  work  at  the  MIT  Lincoln  Laboratory. 

MS-1888  D.  Parker 

A. I.  Grayzel* 

Traveling  Wave  Varactor  Frequency 
Multipliers  for  Increased  Power 
Handling  Capability 

A  class  of  frequency  multiplier  circuit  configurations  are  described  which  use  an  arbi¬ 
trary  number,  n,  of  Identical  varactors  to  handle  n  times  the  power  of  a  single  diode  at 
the  same  efficiency.  The  varactors  are  spaced  periodically  along  a  transmission  line 
or  separated  by  phase  shift  networks  of  appropriate  impedance  levels  so  that  each  diode 
handles  the  sair-e  input  and  output  power.  The  necessary  phase  shift  and  required  imped¬ 
ance  level  for  each  network  separating  the  diodes  are  derived.  Three  basic  circuit  con¬ 
figurations  are  discussed;  one  where  the  diodes  are  effectively  in  series,  one  where  they 
are  effectively  in  parallel,  and  a  third  where  they  are  in  a  series-parallel  combination. 
Experimental  results  of  a  500 Mhz  to  1  Ghz  doubler  using  stripline  for  the  phase  shift  net¬ 
works  will  be  discussed. 

MS-1930A  A.  Braga-nia 

Automatic  Geosynchronization 
of  Artificial  Satellites 

Many  automatic  operations  performed  on  satellites  require  measurements  of 

a.  the  orbital  period,  or  the  angular  velocity  relative  to  the  earth, 

b.  the  orbital  eccentricity. 

c.  the  position  of  the  orbit  major  axis, 

d.  the  satellite  longitude  in  a  geocentric  reference  frame. 


*  Presently  ct  NASA  Electronics  Research  Center,  Comfc  jgs,  Massachusetts. 
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The  measurement  of  the  angular  velocity  relative  to  the  earth  Is  necessary,  for  instance, 

In  the  electronic  switching  of  antennas  on  a  spinning  communication  satellite.  Satellite 
longitude,  orbital  eccentricity  and  major  axis  location  must  be  measured  to  control  the 
satellite  position  or  the  characteristics  of  its  orbit  with  closed-loop  systems. 

When  the  satellite  is  in  a  circular  equatorial  orbit,  angular  velocity  and  longitude  meas¬ 
urements  arc  simple  and  accurate.  The  technique  prevailing  in  spinning  satellites  re¬ 
quires  optical  or  Infrared  sensors  which  deliver  a  pulse  when  their  directions  of  sight  are 
collineat  with  the  sun  or  earth  center.  The  coincidence  in  time  of  the  pulses  from  an 
earth  sensor  and  a  sun  sensor  whose  lines  of  sight  form  a  known  angle,  uniquely  defines 
a  position  In  orbit  (Fig.  1).  The  spin  axis  of  the  satellite  is  assumed  to  be  perpendicular 
to  the  orbital  plane.  Using  more  than  one  en'-th  sensor  establishes  several  longitude  ref¬ 
erence  points  in  the  orbit.  Thus  angular  vr 'whies  can  also  be  measured,  by  recording 
the  time  elapsed  between  coincidences. 

MS-1970  R.  W.  Brockett 

The  Controllability  and  Observability 

of  Satellites  in  Near  Circular  Orbits 

Of  the  new  concepts  which  have  come  out  of  modem  control  theory,  certainly  the  ideas 
of  controllability  and  observability  have  been  among  the  most  Interesting  and  broadly 
applicable.  However,  thus  far  the  majority  of  "applications"  have  been  in  theoretical 
work  where  conditions  for  controllability  and  observability  are  used  as  technical  devices 
which  allow  one  to  complete  the  proofs  of  some  theorems.  The  object  of  this  talk  Is  to 
show  how  these  ideas  can  be  used  In  the  preliminary  design  of  control  systems.  This  is 
accomplished  by  examining  the  problem  of  building  a  closed-loops  control  system  for 
keeping  a  satellite  stationary  over  a  fixed  point  in  the  earth  without  ground  command. 

Tne  analysis  is  based  on  a  linearization  about  a  circular  orbit.  The  effects  of  constraints 
which  make  it  possible  to  observe  and  control  only  at  certain  points  In  the  orbit  are  of 
special  interest  and  an  analysis  of  some  particular  cases  will  be  considered. 

MS-2098  W.L.  Black 

B.  Howland 
E.A.  Vrablik 

An  Electromagnetic  Attitude  Control 

System  for  a  Synchronous  Satellite 

This  paper  describes  an  attitude  control  system  for  a  spinning  satellite  in  a  synchronous, 
equatorial  orbit.  The  purpose  of  the  system  is  to  keep  the  spin  axis  of  the  satellite  per¬ 
pendicular  to  the  plane  of  Its  orbit.  The  system  has  at  least  three  novel  aspects.  Flist, 
it  employs  a  closed  control  loop  that  maintains  the  proper  orientation  without  any  inter¬ 
vention  from  the  ground.  Second,  it  uses  electromagnets  to  torque  against  the  weak  geo¬ 
magnetic  field  at  synchronous  altitudes .  Finally  it  uses  optical  earth  sensors  that  oper¬ 
ate  in  the  visible  spectrum. 

The  optical  sensors  detect  orientation  errors  at  two  selected  points  In  orbit.  On  the  basis 
of  these  two  measurements  the  appropriate  corrective  action  is  initiated.  This  consists 
of  generating  a  magnetic  moment,  fixed  in  inertial  space,  that  interacts  with  the  geomag¬ 
netic  field  and  produces  the  desired  torque  for  the  rest  of  the  orbit. 

In  the  paper  we  describe  the  system  in  more  detail  and  discuss  some  of  the  problems  and 
limitations  of  this  type  of  erection  system. 

MS-2102  A.  Braga -Ilia 

Orbit  Determination 

from  the  Satellite 

The  control  of  satellite  orbits  has  been  traditionally  achieved  by  command  from  the  ground. 
Automatic  and  self-contained  techniques,  which  require  less  ground  support  and  are  not  sub¬ 
ject  to  interference,  can  be  used  if  the  orbital  parameters  are  measured  on  the  spacecraft 
itself.  All  the  methods  which  have  been  proposed  up  to  now  are  Implementations  of  the 
classic  solutions  to  the  orbit  determination  problem:  the  necessary  calculations  can  be  per¬ 
formed  only  by  rather  complex  on-board  computers,  whose  use  is  not  justified  in  a  typical 
communication  satellite. 


This  paper  presents  a  simple  orbit  determination  procedure,  accurate  to  third  order  in  ec¬ 
centricity.  The  instruments  necessary  for  the  measurement  are  a  sun  or  star  sensor,  an 
earth  sensor  and  a  clock,  which  together  form  an  orbital  goniometer,  or  angle-finder. 

This  method  is  based  on  an  expansion  of  the  satellite  law  of  motion  in  terms  of  the  orbital 
eccentricity  and  on  the  determination  of  a  set  of  orbit  parameters,  which  differ  from  the 
classic  and  are  easily  measured  and  computed.  The  parameters  are  of  the  type  en  cos  n6o 
and  fn  slnnQ0,  where  e  is  the  orbital  eccentricity.  0O  the  anomaly  of  the  point  of  meas¬ 
urement  and  n  is  an  integer.  It  is  shown  that  these  parameters  can  be  obtained  as  linear 
corrblnations  of  times  of  flight  through  known  angles  in  orbit.  The  computation  is  partic¬ 
ularly  simple  if  the  measured  angles  in  the  plane  of  the  orbit  are  ir/2n  in  width .  The  method 
does  not  require  prior  knowledge  of  the  satellite  orbital  position  at  the  time  of  measure¬ 
ment:  thus  the  sun  can  be  used  as  a  reference  and  its  motion  relative  to  the  orbit  taken 
into  account  separately,  whenever  necessary. 

This  procedure  also  leads  to  a  simple  reconstruction  of  the  law  of  motion  of  the  satellite 
in  a  central  force  field,  which  can  be  updated  at  each  orbit. 

The  properties  of  the  solution  to  second  order  in  ccccntris.it>  are  discussed  in  some  detail 
because  of  their  important  applications  to  synchronous  satellites  and  of  their  remarkable 
simplicity,  it  is  seen  that  errors  in  the  measurement  of  the  orbital  period  from  times  of 
flight  are  second  order  in  eccentricity  if  the  measurement  angles  are  opposed  with  respect 
to  the  focus.  The  same  property  holds  for  the  measurement  of  satellite  position,  or  time 
of  transit  at  a  known  angle.  This  fact  is  particularly  important  in  the  automatic  geosyn- 
chronlzatlon.  or  statlonkccplng,  of  satellites,  because  it  permits  to  measure  the  space¬ 
craft  position  without  determining  the  orbital  eccentricity  nor  accounting  for  the  relative 
motion  of  the  apsldal  line  and  of  the  points  of  measurement. 

An  Appendix  gives  formulas  for  the  solar  transit  time  on  satellites  in  general  earth  orbits, 
a  quantity  which  must  be  known  to  obtain  high  accuracy  when  the  sun  is  used  as  a  reference. 
The  formulas  include  the  effect  of  the  earth ‘s  orbital  eccentricity  to  second  order  and  are 
valid  for  any  orientation  of  the  satellite  and  of  its  orbital  plane. 

This  paper  also  briefly  reviews  the  literature  on  orbital  navigation  to  this  day  and  is  com¬ 
pleted  by  a  bibliography  of  31  references. 

MS-2103  A.  Braga-Illa 

D.M.  Snider 

Transmitted  Power  Maximization 

m  Communication  Satellites 

A  very  Important  performance  parameter  for  communication  satellites  is  the  efficiency 
with  which  the  available  d.c.  power  is  transformed  into  r.f.  power  and  transmitted. 

When  the  power  plant  Is  a  solar  cell  array,  as  is  usually  the  case  today,  the  generator 
characteristics  are  non-linear  and  vary  as  a  function  of  time,  mainly  because  of  accu¬ 
mulated  radiation  damage  to  the  array  and  satellite  orientation  changes  in  time.  The 
traditional  technique  has  been  to  design  the  power  system  with  sufficient  margin  to  en¬ 
sure  operation  in  the  worst  conditions  at  the  end  of  the  satellite  operational  life.  The  pen¬ 
alty  for  this  was  the  need  for  larger  arrays  which  resulted  In  higher  power  plant  costs  and 
greater  satellite  volume  and  weight  per  watt  transmitted.  Successively,  satellites  have 
been  flown  in  which  the  excess  power  available  at  the  beginning  of  life  was  used  to  charge 
storage  batteries',  which  then  supplied  power  to  the  transmitter  during  the  satellite  shadow 
period. 

This  paper  presents  a  system  which  maximizes  the  r.f.  transmitted  power  by  matching  the 
final  amplifiers,  i.e..  the  actual  useful  load,  to  the  solar  cell  array  for  most  operational 
conditions,  in  this  way  ail  d.c.  -d.c.  converters  are  eliminated,  thus  making  available  to 
the  transmitter  the  power  margin  plus  the  power  usually  lost  In  the  conversion  process. 

The  extra  d.c.  power  which  can  be  obtained  in  this  manner  is  at  least  30  per  cent  and  can 
be  as  high  as  50  per  cent  of  the  d.c.  power  delivered  with  the  conventional  technique.  Since 
batteries  are  not  required,  a  major  contribution  to  system  unreliability  is  eliminated,  when¬ 
ever  the  penalty  of  Interrupting  operation  during  the  satellite  shadow  periods  can  be  tolerated. 

This  method  requires  that  a)  the  locus  of  solar  array  peak  power  points  during  normal  op¬ 
eration  throughout  the  satellite  life  be  determined,  and  b)  the  E-I  cliaractcristics  of  the  am¬ 
plifiers,  when  paralleled  to  the  other  fixed  and  housekeeping  loads,  follow  this  locus.  While 
the  first  pan  is  relatively  simple,  UHF  transmitters  operating  with  high  efficiency  and  with 
prescribed  input  d.c.  characteristic  over  a  wide  voltage  range  had  not  been  realized  up  to 
now. 
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The  input  d.c.  E-I  characteristics  of  a  tuned  r.f.  transmitter  can  be  matched  to  the  time 
varying  output  d.c.  E-l  characteristics  of  a  solar  cell  array  by  controlling  the  conduction 
angle  of  the  output  amplifier.  Tne  necessary  conditions  to  achieve  this  purpose  efficiently 
are  that  a)  the  output  terminals  be  appropriately  loaded  at  the  fundamental  and  harmoni¬ 
cally  related  frequencies  and  b)  the  initial  Input  r.f.  drive  be  increased  beyond  that  value 
which  corresponds  to  conventional  "Class  B"  operation.  The  latter  situation  is  referred 
to  as  the  over-driven  mode  of  operation. 

A  computer  program  has  been  written  to  calculate  the  effect  of  decreased  conduction  an¬ 
gle  and  over-drive  on  the  input  d.c.  characteristics,  effective  gain,  collector  efficiency 
and  overall  stage  efficiency  of  an  amplifier  initially  designed  for  tuned  Class  B  operation. 

The  results  of  this  program  reveal  that  the  d.c.  input  power  demand  of  a  transmitter 
whose  output  stage  has  been  initially  over-driven  by  I  db  can  be  reduced  by  2db  with  a 
resulting  decrease  in  overall  d.c.  to  r.f.  conversion  efficiency  of  only  15  per  cent  and 
a  decrease  in  output  power  of  about  2db.  In  this  way.  a  net  increase  in  transmitter  out¬ 
put  power  ranging  from  at  least  20  per  cent  to  50  per  cent  is  possible. 

In  order  to  show  the  advantages  of  this  method,  the  paper  describes  a  transmitter  which 
was  built  according  to  this  theory  operating  at  250  me  with  a  maximum  output  power  of 
1 15  waits  and  an  overall  d.c.  to  r.f.  conversion  efficiency  of  69  per  cent  and  an  end  of 
life  output  power  of  65  watts  and  55  per  cent  efficiency. 

MS-2105  D.  Parker 

A. I.  Grayzel* 

The  Generation  of  High  Microwave 

Power  Using  Arrays  of  Varactor  Diodes 

Solid-state  frequency  multipliers  arc  limited  by  the  power  handling  capability  of  a  single 
varactor  diode.  This  paper  will  discuss  methods  for  using  an  arbitrary  number,  n.  of 
similar  varactors  in  an  array  such  that  each  varactor  handles  the  same  power  and  the 
total  power  handling  capability  of  the  array  is  n  times  that  of  a  single  diode.  The  ef:  - 
ciency  of  multipliers  using  these  arrays  is  essentially  the  same  as  that  for  a  single  diode 
although  in  those  arrays  where  the  diodes  are  essentially  in  series  and  the  impedance 
level  increased  the  efficiency  of  the  multiplier  has  been  increased.  Methods  to  prevent 
spurious  oscillations  in  large  arrays  will  also  be  discussed. 

The  varactors  in  an  array  are  separated  by  networks  with  appropriate  characteristic  im¬ 
pedances  and  phase  shifts  such  that  the  power  divides  equally  between  the  diodes  and  that 
output  powers  add  in  phase  at  the  load.  The  most  simple  and  useful  arrays  are  those  where 
the  varactors  are  separated  by  transmission  lines  which  are  a  half  wave  length  long  at  the 
input  frequency.  A  diplexer  is  connected  at  one  end  of  the  array  to  isolate  the  Input  and  out¬ 
put  frequencies.  It  is  expected  that  this  technique  will  play  a  significant  role  in  future  all 
solid-state  satellites  because  it  permits  high  power  generation  while  distributing  the  sources 
of  heat . 

Experimental  results  for  frequency  doubler  and  frequency  tripler  circuits  using  arrays  of 
varactors  separated  by  half  wavelength  lines  will  be  presented.  A  frequency  doubler  from 
.9GHz  to  1 .8  GHz  using  both  series  and  series-parallel  arrays  have  been  built.  Two  dif¬ 
ferent  types  of  diodes  have  been  used  in  these  circuits.  For  example,  two  Type  II  diodes 
in  series  have  given  double  the  power  ef  a  single  diode  at  the  same  efficiency  of  85%.  Up 
to  four  Type  I  diodes  in  series  have  been  used  to  give  78%  efficiency  compared  to  65%  effi¬ 
ciency  for  a  single  diode.  Eight  Type  !  diodes  in  a  series -parallel  array  which  had  the 
same  impedance  level  as  two  Type  I  diodes  in  series  has  operated  at  the  same  efficiency  as 
for  two  diodes  in  series.  The  power  handling  capability  was  limited  by  the  power  available 
from  the  source. 

A  sixteen  diode  array  is  being  designed  which  will  handle  from  140  to  200  watts  depending 
upon  the  particular  diodes  used.  A  doubler  circuit  from  .9GHz  to  1.8GHz  using  this  ar¬ 
ray  should  be  about  70  to  80%  efficient.  The  same  array  will  also  be  used  in  a  frequency 
tripler  with  an  output  frequency  of  2.7GHz.  Experimental  results  for  this  high  power  ar¬ 
ray  should  be  available  by  the  time  of  the  meeting. 


‘Presently  at  NASA  Electronics  Research  Center,  Cambridge,  Massachusetts. 
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MS-2108 


F.W.  Saxles 
L.P.  Cox 
E.A.  Vrablik 


ScUr  Cell  Calibration  Experiments 
on  the  Lincoln  Experimental  Satellites 

As  part  of  a  continuing  effort  on  component  test  and  evaluation  on  the  Lincoln  Experimen¬ 
tal  Satellite  program,  two  solar  ceil  calibration  experiments  have  been  flown  on  LES-4 
and  LES-5.  The  LES-4  experiment  consists  of  five  temperature  monitored  one-cm  by 
two-cm  cells  of  the  following  types  and  with  the  measurements  indicated: 

1.  n  on  p  Si  with  a  0.030"  antireflectance  coated  cover  slide.  Open  circuit 
voltage  measured. 

2.  n  on  p  Si  with  a  0.030"  antireflectance  coated  cover  slide.  Short  circuit 
current  measured. 

3.  n  on  p  Si  with  a  0.006*  antireflectance  coated  cover  slide.  Short  circuit 
current  and  current  through  a  6. 2  ohm  load  measured. 

4.  Experimental  thin  film  CdTE  cell.  Short  circuit  current  and  current 
through  a  24 ohm  toad  measured. 

5.  Experimental  thin  film  CdTE  cell.  Short  circuit  current  and  current 
through  a  24 ohm  load  measured. 

The  LEC  -S  experiment  is  identical  with  that  on  LES-4  excepting  that  cells  4  and  5  are 
CdS  thin  film  ceils. 

Both  satellites  were  designed  to  be  launched  into  a  near  synchronous  equatorial  orbit.  How¬ 
ever,  a  launch  malfunction  left  LES-4  substantially  misaligned  from  its  intended  orientation 
in  a  highly  elliptic  transfer  orbit  in  which  its  attitude  control  system  could  not  function.  As 
a  result,  accurate  AMO  measurements  near  normal  solar  incidence  could  not  be  made  dur¬ 
ing  the  initial  orbits.  Extrapolations  from  later  measurements  indicate  that  the  initial  cell 
output  currents  at  AMO  were  approximately  1.07  greater  than  the  prelaunch  measurements 
at  AM  1 . 

Since  It  was  felt  that  the  results  of  the  LES-4  experiment  might  be  suspect  because  of  the 
launch  difficulties,  the  experiment  was  repeated  on  LES-5.  The  same  anomalous  ratio  of 
AMO  to  AMI  cell  outputs  was  noted. 

The  instrumentation  for  this  experiment  is  relatively  simple,  involving  several  switched 
operational  amplifiers  read  out  by  the  satellite  telemetry  system .  Because  the  data  sam¬ 
pling  is  controlled  by  the  telemetry  system,  this  sampling  is  asynchronous  with  respect  to 
the  satellite  rotation.  Hence  a  computer  program  Is  being  setup  to  reduce  this  data.  From 
this,  accurate  curves  of  output  versus  mode  on  incidence  are  available  and  plots  of  solar 
cell  degradation  during  the  life  of  the  satellite  will  be  made. 

AMI  calibration  of  the  solar  cells  was  performed  by  a  solar  panel  manufacturer  using  a 
silicon  n  on  p  cell  which  had  been  calibrated  at  Table  Mountain.  Calibration  of  the  instru¬ 
mentation  and  telemetry  system  were  done  at  Lincoln  Laboratory.  Assumption  of  the  ex¬ 
tremes  of  all  known  possible  errors  still  does  not  allow  the  AM1/AM0  ratio  of  1.17  which 
is  usually  assumed  in  the  literature. 

MS-2109  N.R.  Trudeau 

F. W.  Sarles 

G. H.  Ashley 
B.  Howland 

The  Design  of  Visible  Light  Sensors 
for  Use  at  Quasi-Synchroncus  Altitudes 

Numerous  satellite  control  systems  such  as  earth  directed  antenna  systems,  attitude  con¬ 
trol  systems  and  orbital  control  systems  require  appropriate  detection  of  the  earth  and 
the  sun  for  control  Information.  Sun  sensors  for  these  applications  are  normally  designed 
using  photovoltaic  devices,  because  of  the  high  intensity  of  solar  radiation  available.  The 
earth,  however,  has  usually  been  detected  with  infrared  detectors  because  of  the  relatively 
uniform  disk  appearance  of  the  earth  at  suitably  chosen  infrared  wavelengths. 
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Because  infrared  detectors  with  satisfactory  signal-to-nou^  ratios  were  not  available  In  the 
times  required  during  the  initial  phases  of  the  Lincoln  Experimental  Satellite  Program,  de¬ 
velopment  of  sensors  utilizing  the  "visible'1  portion  of  the  optical  spectrum  was  undertaken. 
Simple  rugged  detectors,  e.g.,  silicon  photovoltaic  cells  having  responses  from  0.4  to 
1.0  micron,  are  readily  available.  Such  detectors  are  relatively  inexpensive  and  quite  small, 
as  well  as  having  excellent  signal -to-noise  ratio  in  a  properly  designed  earth  sensor. 

The  price  to  be  paid  for  this  choice  of  detector  is  that  the  earth  no  longer  appears  constantly 
disk  shaped  but  instead  goes  through  various  crescent  phases.  However,  the  fundamental 
problem  is  the  same  as  with  the  infrared  detector,  i.e.,  the  center  of  the  earth  must  be  de¬ 
termined  from  measurements  of  the  edge  of  the  earth.  Moreover,  this  higher  slgnal-to- 
noise  ratio  and  faster  response  of  photovoltaic  devices  allow  a  greater  flexibility  of  sensor 
design  over  that  permitted  by  presently  available  infrared  detectors. 

Two  fundamental  sensor  fields  of  view  have  been  used  in  all  earth  .sensors  on  the  LES  Pro¬ 
gram:  a  so-called  "pencil  beam"  generated  by  a  photodetector  at  the  focal  point  of  a  spher¬ 
ical  mirror  or  lens  and  a  "fan  beam"  generated  by  a  photodetector  located  at  one  of  the  focal 
points  of  a  toroidal  mirror.  Appropriate  combinations  of  th.-se  fields  of  view  with  a  single 
sensor  and  combinations  of  sensors  are  used  to  solve  the  earth  detecting  problems  presented 
by  various  control  situations. 

Except  for  the  very  first  sensors  used  on  LES-1,  all  sensors  on  the  LES  Program  employ 
reflective  optics.  Refractive  optics  are  very  susceptible  to  lens  darkening,  proton  erosion 
and  micrometeorite  impingement.  By  using  small  entrance  apertures  with  reflective  op¬ 
tics,  such  problems  are  greatly  reduced. 

This  paper  will  discuss  solutions  to  various  earth  sensing  problems  and  the  limitations  en¬ 
countered  in  the  various  sensor  designs.  In  particular,  problems  caused  by  the  sur.  and 
the  moon  will  be  discussed,  and  some  practical  solutions  to  such  problems  will  be  presented. 
Operating  data  from  the  LES  satellites  will  be  given.  An  additional  sensor  to  be  presented 
is  an  "optical  clock"  which  is  designed  to  generate  a  fixed  pulse  train  for  each  rotation  of 
the  satellite.  This  sensor  is  basically  a  simple  array  of  slit  optics  which  interrupts  the 
sunlight  as  the  satellite  spins.  On  LES-4  and  LES-S  this  sensor  provides  128  pulses  for 
satellite  rotation:  a  second  design  has  been  built  for  256  pulses  per  rotation  but  has  not  yet 
been  flown. 

MS-2115  D.D.Tang 

Proposal  for  High  Power  Varactor 

Package 

The  present  diode  packages  were  designed  for  electrical  performance  only,  and  no  consid¬ 
eration  has  been  given  for  efficient  heat  dissipation.  These  packages  were  adequate  be¬ 
cause  there  was  no  real  heat  dissipation  problem  until  recently.  A  new  package  concept  is 
proposed  here  which  will  satisfy  both  the  requirements  of  better  electrical  performance 
and  efficient  heat  dissipation  for  use  with  multi-chip  sucked  varactor  package.  This  is 
achieved  by  separating  the  electrical  path  and  the  heat  path.  This  results  in  smaller  par¬ 
asitica  and  at  least  an  order  of  magnitude  higher  heat  dissipation  capability  than  existing 
packages. 

MS-2123  A.  Braga-Illa 

Automatic  Orbital  Guidance 

of  Satellites 

This  seminar  is  a  review  of  published  literature  on  the  subject  of  automatic  satellite  navi¬ 
gation.  with  an  emphasis  on  the  problem  of  orbit  determination  from  the  satellite.  Orbit 
determination  from  minimum  observations  made  on  board  the  spacecraft  is  discussed.  The 
application  of  Kalman's  filtering  theory  to  the  space  navigation  problem  is  presented,  fol¬ 
lowing  studies  by  R.H.  Battin.  As  an  example  of  automatic  guidance,  the  problem  of  geosyn¬ 
chronization  of  satellites  is  briefly  described:  the  libratlons  of  synchronous  equatorial  sat¬ 
ellites  In  the  earth’s  gravity  field  are  discussed  on  the  basis  of  the  data  obuined  through 
the  Syncom  satellites  and  of  theoretical  considerations. 


MS-2128 


D.  Parker 
A.l.  Grays*!* 


High  Power  Frequency  Multipliers 
Using  Varactor  Arrays 


Experimental  results  will  be  given  for  a  high  power  frequency  doubler  (0.9  to  1.8GHz) 
which  uses  up  to  sixteen  varactors  irt  an  array .  New  techniques  for  heat  sinking  the  diodes 
and  methods  for  eliminating  all  instabilities  will  be  described.  Data  will  be  gives  demon¬ 
strating  the  stability  of  these  arrays . 
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